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ABSTRACT
Size-selected Pd nanoparticles were synthesized by the reverse-micelle encapsulation method
and deposited on a ZrO2 support for the catalytic NO reduction by H2. All of our samples were
found to be highly selective, but a significant size effect was not seen for Pd nanoparticles of
between 1.2 nm and 5.5 nm. Ultra-small Pd clusters of less than 1 nm were found to be much
less active, and are assumed to be affected by an encapsulation effect of the support. Catalyst
activity was comparable to that of literature, and is applicable to H2-SCR research.
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Chapter 1 – Introduction
1.1 Motivation
Since the Clean Air Act Amendment of 1990 [1], there has been an increased interest in the
reduction of nitrogen oxide (NOx) emissions to meet the new governmental standards. In
particular, the Clean Air Act contains statutes to control NOx emissions from automobiles and
coal-fired boiler systems. Similar environmental regulations have also been enacted in various
countries worldwide, stimulating global efforts [2, 3, 4].
The most recent report from the US Environmental Protection Agency (EPA, 2005) [5]
estimated that more than 18 million tons of nitrogen oxides were released into the atmosphere by
man-made sources. Nitrogen oxides are typically formed when molecular nitrogen in combusted
air reacts with excess oxygen at high temperatures. Approximately 95 % of these emissions are
NO, with the remaining amount being NO2. They are formed by the reactions (1.1) and (1.2) [6,
7].

In coal-fired units, an additional source is the oxidation of the nitrogen found in the coal [8].
Fengar [9] reported a correlation between the growing presence of NOx in the environment and
the steady increases in automotive traffic. The NOx pollutants have severe effects, including the
acidification of rain and the generation of smog as well as health-related issues [9, 10]. Highly
reactive nitric oxide (NO) has the additional side effect of reacting with VOCs to make nitrogen
1

dioxide (NO2). The latter compound further reacts with oxygen under sunlight exposure to create
ground-level ozone (O3) [8, 11].
Currently, there is major focus in the use of nanoscale materials in catalysis applications for
chemical process of major environmental impact such as the reduction of NOx. New methods for
preparing well defined nanocatalysts are being developed in order to optimize the activity,
selectivity and stability of a given catalyst for a given reaction process. The approach taken in
this thesis will be described in chapter 3.

1.2 Catalyst definition and catalysis models
A catalyst is a material that increases the rate of a reaction by reducing the activation energy.
They do so by allowing new intermediate steps that replace the slower rate-determining step in
the original un-catalyzed reaction [12]. Most introductory books also say that catalysts
experience no chemical change during reaction. This is only partially true, since additional
processes can take place during the reaction that lead to poisoning and catalyst deactivation.
There are several steps involved in a heterogeneous catalytic reaction, the most important of
which are: (i) adsorption of reactants, (ii) chemical rearrangement on the surface accompanied by
a possible surface restructuring, (iii) reactant dissociation, mobility, recombination on the surface
of the catalysts and/or support/matrix, and (iv) the desorption of the end-products. Surface
diffusion can also play a role in certain types of catalytic reactions in which two or more
adsorbed intermediates react [13]. These subprocesses allow the creation of reaction
intermediates of much lower energy than the uncatalyzed reaction products.
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An important concept in any catalytic process is that of chemisorption, which is characterized
by a strong adsorbate-surface interaction that creates the intermediates required for a particular
reaction. The general trend across the periodic table is that the heat of chemisorption increases
from the right to the left. A good catalyst must have an adsorbate-surface interaction strong
enough to facilitate their adsorption, dispersion and interaction with its surface, but weak enough
so that the reaction products can be desorbed. Too strong bonding of reactants or intermediate
products will cause deactivation of the catalyst due to the lack of free sites for continuous
reaction. This makes transition metals interesting for a number of catalysis applications, as they
lie toward the middle of the periodic table. Additionally, impurities in the reactant flow can
poison a catalyst by titrating active reaction sites (e.g. step and kinks), preventing further
adsorption at those sites [13].
The heat of chemisorptions is a direct result of the interaction between the adsorbate and the
catalyst surface. These interactions occur through their molecular orbitals (MOs) and are known
to be related to the local electron density of states (DOS) at the Fermi level (EF) [14] and the dband electron holes (vacancies) in metals [15]. In early models, the existence of states near EF of
the metal allowed for an orbital combination that resulted in MO stabilization due to the
formation of occupied MOs lower in energy than the original electron orbital states. Hammer and
Norskov expanded on this knowledge, finding that the above were simply limiting cases of the
extra hybridization allowed between the metal d-states and the adsorbate molecular states [16].
In their study, they found that the ability of Cu3Pt to dissociate adsorbates was remarkably close to
that of Pt, despite lacking both d-holes and having a considerably lower DOS near Ef. The Cu3Pt
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orbital states were found to interact more strongly with H2 states than pure Pt and Cu, increasing
the range of states available for MO stabilization near EF.
There are two general reaction models commonly used to describe heterogeneous catalytic
reactions. The first is the Eley-Rideal (ER) mechanism, and it illustrates the case in which the
rate-determining step is between an adsorbed intermediate and reactant in the gas phase as seen
in eq. (1.3). The Langmuir-Hinshelwood (LH) mechanism applies to cases in which reactants
involved in the rate-determining step are adsorbed intermediates. The LH reaction described in
eq. (1.4) relies on adsorbate surface diffusion for a reaction to occur [13, 17].

In many reactions of interest, the reactants will form multiple products through differing
pathways. The selectivity of a reaction depends on the rates of the different pathways, which in
turn can be influenced by the reaction conditions and the catalyst’s electronic and geometric
structure. Often, certain pathways will produce undesirable products, highlighting the importance
of designing highly selective catalysts [18]. In our study, it will be shown that the production of
the byproduct N2O competes with the conversion of NO to N2. One of the goals of the present
study is the creation of novel heterogeneous catalysts based on nanoscience approaches, with
tunable size, shapes and dispersions on their supports that will result in an optimum catalytic
performance, including improved catalytic selectivity.

4

1.3 Nanocatalysis
The traditional definition of a catalyst refers to bulk materials, and it is based on the concept
that a larger surface area correlates to higher activity. However, in the transition from bulk
materials to nanoclusters, major intrinsic properties change which lead to drastically different
catalytic performances. This leads to the classification of “structure sensitive” reactions, in which
the rate of a catalytic reaction path can be significantly influenced by a change in the particle size
and/or shape, affecting the activity, onset reaction temperature and selectivity [13, 19-27]. As
was mentioned before, the ability to tune reactivity and selectivity is of importance in
environmental applications of nanocatalysts [13, 28].
The unusual case of gold is well-documented and has been the subject of great interest in
nanocatalysis research. Gold, normally an inert “noble” metal, becomes highly active for various
reactions when dispersed as NPs on metal oxide supports [29]. Valden et al. found gold clusters
smaller than 4 nm in diameter to be highly active for CO oxidation. Scanning tunneling
spectroscopy on those same clusters revealed a large band gap (up to 1.5 V) uncharacteristic of
their bulk form [30]. In a review on gold nanocatalysis, Carabeinero et al. also note its high N2
selectivity in NOx reduction, though it is typically limited to reaction temperatures greater than
500 K [31].
Further studies by other groups showed that other metal clusters also exhibit discrete, sizedependent chemical properties in both free [32, 33, 34, 35] and supported [36, 37, 38, 39] cases.
The size-dependent changes in the electronic properties of metal clusters are not exclusive to
gold [30, 40]. Rao et al. has attributed such changes to the confinement of the electron wave
function, causing the quantum states to become discrete with an increasing gap between
5

successive levels as the cluster size decreases. The gap between the states is called the Kubo gap
(δ) and changes as a function of the number of valence electrons in the cluster (n) and the EF of
the bulk material following eq. (1.5) [41].

In addition to the electronic state of the material, it is useful to consider the geometry of the
nanoparticles (NPs). Metal clusters will form regular polyhedron shapes with well-defined
facets, and it is often possible to discuss their correlation with reactivity and selectivity [13, 29].
For fcc metals, the typical shapes are tetrahedron, cubes, octahedron, and truncated octahedron,
due to the fact that their (111) and (100) facets have the lowest surface energy [42]. The
geometry of the cluster has a direct influence on the mean coordination number (number of
nearest neighbors). In fcc structures, atoms within the (111) and (100) planes have coordination
numbers of 9 and 8 respectively, with maximal coordination being 12 for an atom in a bulk
structure [43]. Low-coordinated edge atoms are of particular interest, as their fraction to other
surface atoms increases drastically as cluster sizes decrease, and are sites with higher binding
energies and lower dissociation barriers for adsorbants [29, 42].
Catalyst supports provide a convenient method of introducing the nanoclusters to the reaction
environment and are a necessity for heterogeneous gas-phase catalysis [44]. The supports may or
may not be active for a particular catalytic process by themselves. For example, the
nanocrystalline ZrO2 powder used in this study was inactive for NOx reduction in the operating
temperature range. This does not tell the whole story, as the support can contribute greatly in the
catalytic process in the presence of an active metal NP [29]. Cluster-support interactions can
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include electronic interactions [36, 45, 46], the enhanced structural stability against coarsening of
the supported material, as well direct and reverse “spillover” processes [47, 48, 49] wherein
reactants diffuse to/from the support from/to the metal particles. The support also plays a role in
determining the final size and equilibrium shape of a NP and the type of facets available for
adsorption [29]. Following the Wulff-Kaichew theorem [50], strong NP/support interactions lead
to large adsorption energies and, consequently, to flatter particles after the NP rearranges to
minimize its surface energy. As the particle size increases, more metal-metal bonds are able to be
formed, and the cluster shape relaxes to bulk values [29]. An enhanced NP/support contact area
might also result in adsorption sites (perimeter atoms) with unique reactivity [13].
Experimentally, these phenomena have been observed to be strongly correlated to both
reactivity and selectivity for structure-sensitive reactions [13]. The availability of lowcoordinated sites has been shown to be conducive to higher CO oxidation rates over gold NPs
[51] and is generally considered to have associated higher reactivities [52]. However, a study of
NO reduction by CO on Pd/MgO catalysts [53] showed that Pd nanoparticles of 2.8 nm in size
performed counter-intuitively when compared to particles 6.9 nm and 15.6 nm in size. Though
the 2.8 nm NPs possessed a large number of highly active (111) facets [54], they contained a
large amount of low-coordinated atoms which showed poor reactivity due to the stabilization of
inactive Na species at those sites [55].
Previous studies by our group on methanol (MeOH) decomposition over Pt supported on
ZrO2 have shown a size-dependence for the reaction as well as an additional effect of the
pretreatment of the catalyst [56, 57]. In the studies, oxygen pretreatment is done to remove
polymer from the NP synthesis method (inverse micelle encapsulation, explained in chapter 4).
7

XPS data from this study also showed that the PtOx species formed during the O2-pretreatment
are quickly reduced by the CO produced in this reaction, and that pretreatments in H2 are not
needed to reduce these catalysts. However, our XPS data revealed a certain content of Pt-O
species remaining at the Pt/ZrO2 interface, possibly due to strong metal-support interactions [57].
A study by Kuhn et al. also showed a size-dependence for the oxidation state of Pt NPs
supported on mesoporous silica. Smaller particles were found to contain higher amounts of Pt-O
species, which has been correlated with a change in the selectivity of this catalyst [58].
Chapter 3 will discuss the NP synthesis method used in this project, as well as the
implications it had regarding the expected shapes of the Pd NPs. The following section discusses
the direct application of the project to selective catalytic reduction reactions (SCR).

1.4 Selective catalytic reduction (SCR)
Reaction (1.6) is the thermodynamically favored reverse reaction of (1.1) (ΔGf0 = -86
kJ/mol). This reaction benefits greatly from catalysis, as the reaction rate is extremely slow due
to the high activation energy (364 kJ/mol) [59, 60]. Attempts to find a suitable catalyst for the
direct decomposition of NO have been made, but the reaction temperatures are well above 500°C
under realistic reaction conditions [61, 62]. These reactions are severely affected by the amount
of oxygen in the gas flow, and the high reaction temperatures run the risk of shortening the life
of the catalysts employed. It is hoped that applying nanoscience approaches to selective catalytic
reduction (SCR) reactions will enable the discovery of better methods for NOx decomposition.
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There are several processes currently used for the SCR of NO. For example, NH3-SCR uses
ammonia as the reductant gas, often in the form of urea. This is most commonly employed in
stationary industrial NOx sources or heavy-duty diesel trucks. This is the oldest form of SCR, but
it also has major drawbacks such as the use of toxic ammonia, ammonia slip, and high running
costs [63]. As carbon monoxide is a byproduct of fossil-fuel combustion, it is already available
in the exhaust gas flow of many NOx sources [10], and is also frequently used as the reducing
agent in CO-SCR processes. However, this process does result in the production of another
greenhouse gas (CO2) and tends not to be particularly effective when used on its own. Selective
NO reduction by hydrocarbons (HC-SCR) has been a heavily researched area of SCR. Many
different types of hydrocarbons have been used as a reducing gas with varying results [64], with
current research focusing on the use of ethanol and propene [65, 66, 67, 68]. The use of
hydrogen gas as a reducing agent (H2-SCR) has not received as much attention as hydrocarbonbased SCR. This may be due to the relative simplicity of its reaction path compared to the other
methods [69] or the fact that it has been shown to be nonselective at temperatures over 200°C
[70]. Despite this, it is still a viable pathway of NOx reduction, and simple enough to be the
subject of basic studies such as the ones described here.
It was recently shown in industry (Siemens) that Pd supported on ZrO2 show high activity for
H2-SCR of NO under conditions that simulate a real industrial setting [71]. Nevertheless, the
method used to synthesize the catalysts had room for improvement, since the particle size was
only controlled by changing the Pd loading, and the size distributions are unknown. There is
little published work on H2-SCR with Pd/ZrO2 catalysts, leaving much room for discovery within
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this project. As was discussed above, a size-dependence in the SCR of NO is expected, according
to the already published studies on the structure-sensitivity of this and related reactions.
In our study, particle sizes were finely tuned in order to achieve Pd NPs with narrow size
distribution and average sizes ranging from 1 to 5 nm. In this thesis, NO conversion and N2
selectivity from micellar Pd NPs supported on ZrO2 will be discussed as a function of the
reaction temperature and NP size. These results will be compared with the catatlytic performance
of other Pd SCR catalysts from literature and industry.

1.5 NO reduction by H2
Early in 1974, Kobylinski and Taylor [72] found that for the NO reduction with H2, Pd was
the most active catalyst. The reduction of NO with H2 follows the reaction steps shown in eq.
(1.7). The major side products of this reaction are nitrous oxide (N2O) and ammonia (NH3),
which are formed through reactions (1.8) and (1.9) [73]. As will be shown in chapter 4, a small
amount of oxygen (O2) was found to be present in the reactor flow. It is thus relevant to also
consider the side reactions of the reactant gases with oxygen (2.4, 2.5) [74].

In temperature programmed desorption (TPD) experiments done by Nakamura et al. [22], no
dissociation of NO occurred on Pd(111) and Pd(100) surfaces saturated with NO at 50ºC. In the
10

same study, Pd(311) surfaces decomposed NO into N2 and N2O, both with desorption peaks at
270ºC. NO was not co-desorbed, and O2 did not desorb until the reaction temperatures were
greater than 900ºC. Sharpe and Bowker [23] showed that the Pd(110) surface also decomposed
NO into N2 and N2O, showing desorption peaks at 220ºC for both gases. O2 on this surface did
not desorb until 800ºC. Additional studies have shown similar trends on stepped surfaces [24, 25,
26], and it was concluded that low-coordinated Pd sites are required for NO dissociation on Pd
surfaces. The Pd NP shapes expected in our experiment are tetra- and octahedronal [75]. These
shapes are limited to Pd(111) and Pd(100) surfaces [42], suggesting that the primary sites for NO
dissociation are edge sites and perimeter atoms at metal-support interfaces.
Roy et al. [73] suggested that the mechanisms for the NO H2 reduction can be described
according to eqs. (1.12-1.19). The mechanisms were based on prior studies [76, 77] discussing
that NO adsorbs molecularly on Pdn+ sites and dissociates through chemisorption at oxide ion
vacancies [73, 78]. In the work by Roy et al., H2 uptake studies showed that H2 adsorbs
preferentially on the metal Pdn+ sites, which helps direct the NO adsorption at the oxide ion
vacancy sites [73]. In the equations below, “V” represents the support’s oxide ion vacancies and
SM represents the active sites on the metal catalyst. Species designated XPd are chemisorbed on
the Pd metal, and those within quotations, e.g. “O”, are atoms that are chemisorbed at the oxide
ion vacancies.
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In step (1.15), it is seen that the molecularly adsorbed NO molecule reacts with the
dissociated nitrogen atom from the NO adsorbed at the ion vacancy site. This forms N2O, leaving
the oxygen atom behind. Steps (1.16) and (1.17) show the dissociated hydrogen atom reacting
with adsorbed oxygen species to form water, thereby freeing up the “V” and SPd sites. Step (1.18)
shows the ability of N2O to act as an intermediate step [73, 79], forming N2 by dissociating its
oxygen atom at the “V” site. In step (1.19), the adsorbed hydrogen atoms form NH3 with the
nitrogen atom from the N“O” molecule.
Nakamura et al. showed that the presence of oxygen reduced the amount of NO adsorbed on
the Pd(311) surface by 80 % [22]. The decrease in NO adsorbed on the metal sites reduces the
amount of NO available for the formation of N2O by eq. (1.15). This effect is seen by Roy et al.
[73] upon adding oxygen into their H2-NO reduction gas flow. In addition to improving N2
selectivity, the presence of oxygen has been shown to eliminate NH3 production [74, 80, 81].
As stated previously, the effect of the support on a catalytic reaction is also of importance in
the field of nanocatalysis. Though the focus of this project was not on the effect of the ZrO2
support, but rather on the role played by the Pd NP size, it is relevant to discuss the expected
effects, especially for the purpose of future studies, where we intend to change the support for a
given average NP size.
12

In a study of NO adsorption on Pd supported on alumina (Al2O3), Hoost et al. [76] found that
the process is heavily influenced by metal-support effects. Using Fourier transform infrared
spectroscopy, they determined that the presence of the Pd catalyst drastically increased the
amount of NO adsorbed onto the alumina support. The amount further increased with the
oxidation of the Pd catalyst, leading to the conclusion that the adsorption of the species was
influenced by the amount of metal-support interaction at the interface.
The reactivity at this interface can be enhanced by a support with a strong Lewis acid
character [13]. Strongly acidic supports show strong electrophilicity and were found to greatly
enhance the oxidation rates of the supported metals [82]. This interaction can allow oxygen
atoms to transfer from the oxide support to the metal, giving rise to the vacancies in the support
required for the reaction path shown in eqs. (1.14) and (1.18) [13].
Clean ZrO2 is known to have a very weak acid character, which greatly increases the stability
of supported metallic Pd [82, 83]. However, the advantage of ZrO2 is that it can be used in its
sulfated (SZ) or tungstated (WZ) form. The SZ/WZ forms are strongly acidic and have been
shown to promote the SCR reaction with methane (CH4) due to the stabilization of Pd2+ ions [84,
85]. These supports also provide to the catalysts remarkable resistance to poisoning by water
vapor and SO2 during the reactions [84, 85, 86, 87]. Recently, Siemens has shown that such
promoting effect and durability also applies to the H2-SCR, showing ~80 % NO conversion at
123ºC on SZ compared to ~60 % at 188ºC for the non-sulfated zirconia support [71].
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Chapter 2 – Experimental Techniques
2.1 Atomic Force Microscopy (AFM)
To determine the sizes of the NPs, it was important to use a measurement method that could
accurately resolve features 1-40 nm in size. The primary technique utilized for this purpose was
atomic force microscopy (AFM). AFM utilizes a tip that scans the sample and measures the
forces arising from the close proximity between atoms at the tip and the scanned surface. AFM
employs an oscillating cantilever that allows the measurement of a wide range of forces, such as
van der Waals, electrostatic, magnetic, and chemical forces [88, 89], depending on the nature of
the sample and type of AFM tip selected. It also offers both high resolution and relatively high
speed imaging of surfaces with the appropriate tip sizes and resonant frequencies [88].
The basic components of a laser-deflection AFM microscope are shown in Fig. 2.2. In this
type of AFM, the feedback circuit consists of a laser that deflects off of the cantilever as it
oscillates. The deflected beam is bounced off a mirror to the photodetector. The photodetector
consists of a split diode that detects a change in the laser deflection and transmits it as a digital
signal to a computer connected to the z-axis piezo that controls sample-tip distance. An x-y piezo
controls the scanning of the tip across the sample. In this particular instrument, the tip remains
stationary and the sample is scanned via the piezos line by line to construct a three-dimensional
image [88, 90].
The tip geometry is important to accurately resolve the steepness of features. Collisions with
the surface can dull tips and often deform them, causing tip effects to occur on the image. For
this work, a tip that was not sharp enough would make particles appear wider than their actual
14

size. This posed a problem when the samples contained fragmented nanoparticles or when
particles were extremely small (in the 1 nm range). A wide tip can make a cluster of several NPs
look like a single large particle, or make the small particles difficult to discern from the substrate
[90].

Fig. 2.1: Diagram of surface-tip interaction in AFM.

Fig. 2.2: Schematic of a laser-deflection AFM setup.

Fig. 2.3: The dashed line represents the image produced by the tip. In this example, the tip is too wide, and the
image produced does not represent well the actual morphology of the sample.
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Several AFM modes exist to get insight into the surface topography. To measure the NPs
dip-coated onto silicon wafers, tapping mode AFM was used. In tapping mode AFM, the tip at
the end of a cantilever is driven near its resonant frequency with a high amplitude in order to
prevent the tip from crashing into the micellar NPs. For all modes of AFM, surface morphology
can be determined from the change in the vibrational amplitude or phase of the cantilever as it
reacts when it encounters various surface features [89, 91]. As the tip approaches the sample, it
experiences a change in its natural spring constant k due to the force gradient. The effective force
constant becomes k + . This causes a measurable shift in the resonant frequency, from which
the force gradient can be extrapolated [88].
In this study, a Nanoscope Multimode AFM (Digital Instruments) microscope was used in
conjunction with a home-written (Farzad Behafarid) MATLAB code to determine the size
distributions as well as the dispersion of our micellar Pd NPs. The tips were tapping mode
cantilevers (VISTAprobes) with a force constant of 40 N/m. The tip geometry was pyramidal
with a tip radius of less than 10 nm. Due to tip-convolution effects, the NP height (and not its
diameter) was used as representative size parameter. Typically, a few different 3 μm areas were
scanned to determine the distribution of particles in these samples. Once a suitable region was
found (e.g. dust free region, since the AFM measurements were conducted in air), a 1 μm area
was scanned for higher resolution. Greater care had to be taken for the scanning of plasma
treated samples, as resolving small particles required much lower driving amplitudes, creating a
higher risk of crashing the tip into the sample.
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2.2 X-ray photoelectron spectroscopy (XPS)
The photoelectric effect is a well-known phenomenon in which an atom absorbs a photon and
creates a hole in the material (photoionization) by ejecting an electron (photoelectron). Photon
energy in excess of the threshold photoionization energy will be transferred to kinetic energy for
the photoelectron. Eq. (2.1) describes the linear relation between the kinetic energy of the
photoelectron and its binding energy (BE). XPS uses a low-energy X-ray source to irradiate the
sample in ultra high vacuum (UHV). The measurements must be performed in vacuum to
prevent scattering of the electrons with rest gas molecules before they reach the analyzer [92,
93].

Fig. 2.4: The photoelectric effect.

In eq. (2.1), h is the Planck’s constant, ν is the frequency of the X-ray, and φ is the work
function of the spectrometer. The energy of the incident photon, hv, is selected by using X-ray
anodes made of different materials (normally, Al, Mg and Ag), and its resolution can be tuned by
using a monochromator following Bragg’s law.
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Since the energy levels of core electrons are quantized, the BE of photoelectrons can be
associated to specific energy shells. Each element has a unique XPS signature reflected by a
specific set of XPS peaks corresponding to different energy levels. XPS does not only provide
information on the type of element present in a sample, but also on their chemical environment,
since changes in the latter (e.g. oxidation) give rise to shifts in the BE of the photoelectron peaks
[92].
In XPS, the ejection of core-level electrons will leave the atom in a higher energy state. This
is often referred to as an (n-1)-electron state, with n referring to the number of electrons in the
original atom. An atom in the (n-1) state can drop down to a lower energy state by having an
outer shell electron drop down to fill the hole made by XPS (rearrangement) and releasing the
excess energy by X-ray emission (fluorescence) or by ejecting another outer shell electron
(Auger process). Auger electrons are detected along with XPS photoelectrons and their spectra
are superimposed for electron energies of less than 2 keV [93, 94].

Fig. 2.5: The Auger effect and X-ray emission after the ejection of a core-level photoelectron.
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The energy of the Auger electron is described in eq. (2.2). Ei is the energy of the singly
ionized atom after the initial ejection of the photoelectron. Ef is the energy of the atom after
electron rearrangement, and Ef is the energy of the final, doubly ionized atom. As seen in the
equation, EA is independent of the XPS photoelectron energy, allowing for easy distinction
between AES and photoelectron peaks in XPS spectra [94].

The two most common X-ray sources used in XPS are the Al-Kα (1486.6 eV) and Mg-Kα
(1253.6 eV). The Mg Kα source has the slight advantage of a reduced linewidth broadening,
allowing for a higher resolution scan at the expense of a smaller available energy range. Using a
monochromator in addition to a characteristic X-ray source further increases the energy
resolution to 0.4-0.9 eV [95]. Additionally, it can eliminate Kα3 and Kα4 satellite peaks and
background signal due to Bremsstrahlung radiation. The trade-off is a lowered overall peak
intensity [96, 97].

Fig. 2.6: Schematic of an XPS setup.
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The XPS spectra in the data shown in this thesis were acquired by Dr. Luis Ono using an
XPS system (SPECS Gmbh) with a monochromatic Al-Kα source. The hemispherical electron
energy analyzer consists of two parallel curved capacitor plates through which the electrons pass
through. A voltage is applied between the plates, causing the electrons to bend in a semi-circular
path to the electron detector. The electrons are focused on the entrance of the analyzer by an
electrostatic lens system, and the energy spectrum is scanned by sweeping the potential in the
lens [96].
XPS is a surface-sensitive technique, since the mean free path of the photoelectrons ejected
by the X-rays is in the nm range. Electrons from atoms located more than 10 nm below the
surface are likely to lose energy due to inelastic scattering with other electrons and atoms within
the material. Inelastic scattering follows Beer’s law, eq. (2.3), and is dependent on the material
and electron energy. The average distance between successive collisions is called the inelastic
mean free path (IMFP, λ). Sampling depth for XPS is ~3λ, the depth above which 95 % of the
detected electrons are emitted from. Scattered electrons will either remain in the material or
contribute to the background signal [93, 98].

The thickness of the sample is represented by d. The angle θ is the emission angle of the
electrons (from an axis normal to the surface). It can be easily seen that at d = λ,
, and that as the angle approaches , transmission goes to 0. The significance of
θ is that the angular range of detection for XPS is quite small, so surface sensitivity can be
adjusted with high precision by changing the sample angle with respect to the detector.
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As stated before, XPS can be used to gain insight into the composition of a sample and
chemical environment of a particular element. Our samples are made of Pd NPs supported on
ZrO2. For Pd, the dominant photoelectron peaks are 3d3/2 (340.4 eV) and 3d5/2 (335.1 eV).
Unfortunately, these peaks overlap with the zirconium 3p core level peaks 3p1/2 (~346.6 eV) and
3p3/2 (~332.9 eV) in ZrO2 [99]. The problem in the detection of Pd in these samples via XPS is
also related to its low loading (1 %) on the support. In order to follow any changes in the
chemical state of the support before and after reaction, the Zr 3d core level region was also
measured (e.g. 3d5/2 peak of ZrO2 at 184 eV) [100, 101].
The line shapes are altered by both initial and final state effects. Spin-orbit coupling and
initial state effects cause the splitting of the XPS peaks. The intensity ratio of the split peaks is
determined by the ratio of their degeneracies, 2j +1, where j = l + s. The quantum number l is the
total angular momentum number (ls = 0, lp = 1, ld = 2…) and s is the spin of the electron (±1/2).
For the special case of the s orbital (ls = 0), a singlet peak occurs [69, 70]. Core hole lifetime is a
final state effect that affects the linewidth by the function Γ = h/τ, Γ being the intrinsic line
width, h Planck’s constant (eV∙s), and τ the core hole lifetime (s). The effect on the line shape is
Lorentzian. Inner shell orbitals tend to have shorter core hole lifetimes due to the readily
available outer shell electrons to fill them. Additionally, elements of higher atomic number show
a trend of lowered core hole lifetime due to the increased valence electron density. Thus, both of
these trends increase the value of Γ. The energy spread of X-rays and analyzer characteristics can
also contribute to line width broadening and their contribution is typically Gaussian in shape
[98].
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Due to the fact that electrons are leaving the material, a non-conducting sample, such as the
ZrO2 powder, will gain a net positive charge over time. This positive charge will shift the XPS
spectra toward higher binding energy [102]. Consecutive scans of the same region may show
different data as conditions within the sample change. To compensate for this, a flood gun was
used to provide a constant flux of low-energy (4 eV) electrons to the sample. With this method,
the above described positive shift of the XPS peaks will be offset by the compensating negative
electronic charge. The resulting spectra must be calibrated to known BE values of the oxide
support for analysis [93].
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Fig. 2.7: Typical spectra of Pd supported on ZrO2.

Once the spectra is calibrated, a change in BE of the electrons for a particular element can be
attributed to “chemical shifts.” A chemical shift involves the change in the BE of a given atom
due to a given chemical environment. Detecting a chemical shift requires high energy resolution,
although some of these shifts can be on the order of eVs. The change in charge distribution is
due to the ionization of atoms, as losing an electron (or having the electrons attracted towards
another nearby element with higher electronegativity) typically increases the binding energy of
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the remaining electrons, while the reverse case will reduce their binding energy [96]. An increase
in oxidation state will raise the binding energies of electrons for that element, as oxidizing agents
tend to be highly electronegative. It has also been reported that particle size and substrate
interaction can also influence the binding energy of electrons. A study by Voogt et al. showed a
positive BE shift for Pd NPs of decreasing size supported on SiO2/Si(100). The chemical shift
observed was on the order of less than half an eV [103]. Wu et al. suggested that these shifts are
due to initial and final state electronic effects of the size-varying NPs [104]. For small supported
clusters, it is sometimes challenging to distinguish between a BE increase due to a size-effect
from that due to oxidation. However, van Devener et al. have shown the oxidation states of ~8
nm Pd to be separated by up to 1.3 eV [95]. It is thus possible that the oxidation state and sizedependent chemical shifts will be discernable in analysis.

2.3 Mass spectroscopy (MS) and packed-bed mass flow reactor
The packed-bed reactor design is nearly identical to the reactors used previously by other
students in the Roldan group and is described in more detail in Refs. [27, 105], Fig. 2.8. In this
study, reactions took place within a vertical quartz tube of 7 mm in diameter. The desired
quantity of sample was placed in the tube and supported by quartz wool plugs. The temperature
within the reactor was controlled externally (WATLOW) and a K-type thermocouple was
suspended just above the catalyst bed to monitor temperature. Gas flows were controlled by mass
flow controllers (MKS). The reaction products were detected by a mass spectrometer (Hiden
HPR-20, QMS) interfaced to the packed-bed reactor through a heated capillary (inner diameter
of 3 mm). The capillary has a platinum orifice (diameter of 0.02 mm) where pressure is reduced
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before the gases reach the ionization chamber of the mass spectrometer. The Faraday cup
detector was used to measure the majority of the gas partial pressures in the study and was
effective down to 10-10 mbar. The secondary electron multiplier (SEM) detector was used to
detect smaller amounts reaction of products.

Fig. 2.8: Schematic of the packed-bed reactor.

For the reduction of NO by H2 over Pd/ZrO2 catalyst, the gas flows were set to a total of 50
ml/min of gas, with 2 % NO, 2 % H2, and He acting as balance. Samples S1 through S4 were
used for this study, and each reaction was done with 100 mg of catalyst from 100 to 250ºC. The
catalyst bed was roughly 0.115 ml in volume, equating to a gas hourly space velocity of roughly
26,000 h-1. Prior to each reaction, the catalyst was pretreated in 10 % H2 at a temperature of
375ºC. In Table 2.1, the masses monitored by the QMS for each reactant and products are listed.
In order to check the reproducibility of the results, each reaction was run at least twice.
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At this point, it is relevant to explain the basic mechanics of the mass spectrometer. There are
many methods of mass spectrometry available, but this thesis will focus on the specific method
used in the project. The two primary components in the MS are the ionization chamber and mass
analyzer. In the ionization chamber, the gases are bombarded with electrons and separated into
fragments. The electron is captured by one of the fragments, and the other fragment is left with a
free radical electron and overall positive charge. For molecules of greater than three components,
multiple decomposition fragments are possible, and the probabilities of each are determined by
the stability of the free radical fragment [106]. Each species also has a unique probability of
being ionized, requiring the calibration of the mass spectrometry with a “sensitivity factor” (SF).
Gas

Detector

Major Mass Fragments (% of max peak)

He

Faraday

4 (100 %), 2 (10 %)

H2

Faraday

2 (100 %)

NO

Faraday

30 (100 %)

N2

Faraday

28 (100 %)

N2O

Faraday, SEM

NO2

SEM

H2O

Faraday

18 (100 %), 17 (23 %)

NH3

Faraday

17 (100 %)

O2

SEM

32 (100 %)

46 (0.2 %), 44 (100 %), 30 (31.1 %), 28 (10.8 %)
46 (100 %)

Table 2.1: Gases monitored during the reduction of NO with H 2, their respective masses, and those from their main
ionization fragments. The percentages shown close to the different masses indicate the magnitude of the signals
detected in the mass spectrometer as compared to that of the most intense decomposition fragment of a given
chemical species.

The MS measures each of the component’s partial pressures with respect to time. The
temperature inside the reactor vessel is also monitored and plotted together with the resulting
spectra. The signal of each gas detected with the mass spectrometer must be calibrated with
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respect to its specific SF, which is dependent on the particular gaseous species as well as type of
mass spectrometer and related setup. The SF relates the measured value of the partial pressure of
a particular gas with the real value as shown in by eq. (2.4). The actual value of the SF must be
determined for each experimental set-up. This was done by flowing known amounts of the
balance gas (He) and the component gas (e.g. NO), and comparing the ratio of the partial
pressure detected by the MS. The SF were expected to be relatively constant with respect to
concentration, but it will be shown in chapter 5 that the SF can change greatly at low
concentrations.

Before reaching the mass analyzer, the newly formed ions are given a small accelerating
potential. The ion beam is parallel to the two pairs of parallel rods that make up the quadrupole
portion of the mass analyzer. The diagonally opposing rods are electrically connected and are
given a constant DC and AC potential opposite to that of the other pair. Higher mass ions are less
affected by the alternating field and have their trajectories drift slowly toward the rods with the
negative DC potential. Lower mass ions have high-amplitude oscillating trajectories due to the
greater influence of the RF field, and strike a rod before leaving the analyzer [107]. For a given
set of potentials, a very small range of masses will be allowed through. Selectivity can be
increased by using a series of quadrupole mass analyzers [106].
Ions that make it through the analyzer must then be detected with the Faraday cup or SEM
detectors. The SEM detector gives high sensitivity with very low noise, but should not be used to
monitor high pressure (>10-7 mbar) peaks. This is due to the fact that its lifetime is greatly
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reduced by having high currents run through it. An SEM detector measuring a constant peak at
10-8 mbar will last 100 times as long as if it was detecting a peak at 10-6 mbar. Though a higher
inlet pressure would allow the use of the Faraday cup detector for all species, it is not the optimal
solution. A low pressure will reduce the amount of corrosive gases that pass through the MS unit
and allow less volatile products to stay in their gas phase. Additionally, high-vacuum conditions
greatly decrease the scattering of ions due to collisions with other molecules [108]. For this
reason, the MS in this project was operated at a pressure at or lower than 6 × 10-6 mbar.
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Chapter 3 – Sample Preparation
3.1 Reverse-micelle encapsulation
A multi-step process was used to prepare our nanocatalysts. Reverse-micelle encapsulation
allowed the control of the size of Pd NPs deposited on ZrO2. The micelle encapsulation synthesis
used followed the procedure described by Spatz et al. [109], although some modifications were
introduced by our group [56, 75]. Reverse-micelles are formed when non-polar/polar
poly(styrene)-block-poly(2-vinylpyridine) diblock copolymers (PS-b-P2VP) are dissolved in a
nonpolar solvent (toluene). A transition metal salt (Pd[OAc]2) is then added to the solution,
forming nanoparticles inside the copolymer micelles [110, 111, 112]. When deposited onto a
substrate, the particles form a tightly-packed, hexagonally-ordered pattern across the surface
[113]. With this technique, there are two ways of effectively changing the average particle size:
(i) adjusting the ratio of metal salt to polymer core (P2VP), and (ii) selecting polymers with
distinct core lengths. In addition, the interparticle distance can be modified by changing the
length of the polymer tail.

Fig. 3.1: Schematic of the PS-P2VP diblock copolymer used in the NP synthesis.
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Fig. 3.2: A reverse-micelle in toluene. The polar heads provide an attractive environment for metal salts.

Details of the procedure used for the synthesis of the NPs used in this study follow. The PSP2VP diblock copolymers (Polymer Source) were dissolved by stirring them for 24 h in toluene
(Fisher). This was done in a fixed 5 mg to 1 ml ratio of polymer to toluene. A palladium acetate
salt (Pd[OAc]2, SigmaAldrich) was then added to the polymeric solution and stirred for at least 3
days. Once the stirring process was complete, the solution was filtered with a filter of 0.45 μm
pore size. Subsequently, a silicon wafer was dip-coated in the NP solution for AFM
characterization. AFM images of the NP solutions used in this study are shown in Fig. 3.3. The
AFM images were obtained before and after polymer removal by an O2-plasma treatment in
UHV.

(a)
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(b)

(c)

(d)
Fig. 3.3: Examples of the 1 μm images obtained before (left) and after (right) plasma treatment for samples (a) S2,
(b) S3, (c) S4, and (d) S5.
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The real samples whose reactivity was investigated in this thesis consisted of Pd NPs
supported on nanocrystalline ZrO2 powder. These samples were obtained after adding the ZrO2
powder support to the liquid NP solution. The mixture was stirred gently while heating it to
evaporate the toluene. This results in micelle-stabilized (polymer-coated) NPs distributed across
the support. The homogeneity of these samples was visually observed. Freshly annealed samples
were light brown in color and H2 pretreated samples were gray. After drying, the samples were
crushed into finer grains and annealed in a furnace under O2 flow (35 ml/min) at 375ºC to
remove the polymer. The complete polymer removal was confirmed by monitoring the C-1s XPS
signal of these samples, Fig. 3.4. The final step in sample preparation is the pretreatment of the
samples before reaction. This can be done with hydrogen to reduce the PdOx species formed
upon the annealing treatment in O2 and subsequent air exposure, or with just helium to evaporate
adsorbed water.

Intensity (arb. units)

C - 1s

282

284

286

288

290

Binding energy (eV)

Fig. 3.4: C-1s XPS spectra of a sample before (ο) and after (black) annealing.
Mid-way through the project, examination of the XPS survey for samples made for this
project revealed that there was a significant F-1s peak. The source of the fluorine was determined
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to be the PTFE beakers used for synthesis, as the collection of catalyst would often call for
scraping the dried sample off of the beaker walls. In response to this, we switched to using glass
beakers and stirring rods. Samples S5 and S2b were prepared using the new method, with S5
intended on being a new NP size and S2b being prepared with the same copolymer as S2.
Table (3.1) contains parameters related to the synthesis of the NPs used in this study, as well
as the average NP heights obtained after polymer removal.

S1

PS(x)/P2VP(y)
Molecular weight (g/mol)
P4708: PS(16,000)-P2VP(3500)

Pd(salt)/P2VP
ratio
0.05

AFM Height
(nm)
<1*

S2

P3671: S(27,700)-P2VP(4300)

0.4

1.2 ± 0.4

S3

P8407: PS(33,000)-P2VP(46,000)

0.05

2.2 ± 0.6

S4

P117: PS(13,800)-P2VP(47,000)

0.05

5.5 ± 2.0

S5

P1330: PS(48,500)-P2VP(70,000)

0.05

**

Sample

Table 3.1: List of copolymers used with the resulting average Pd particle sizes extracted from AFM images. All
samples were 1% Pd loading to minimize sintering. *The adhesion of this NP solution to the Si substrate was bad
and no images could be obtained with sufficient number of NPs to provide reliable statistics for the size analysis.
**AFM images showed that each individual NP was made of several smaller Pd clusters, rather than a single
particle; see AFM images in the Results and Analyses section.

Several challenges needed to be addressed in order to obtain high quality samples free
from residues from the chemical synthesis and with narrow NP size distributions. First, the initial
choice of metal salt for the NP synthesis needed to be modified. Our catalyst preparation method
requires the metal salt be able to interact with the polymer (pyridine group in the polymer core)
to fill the micelles and dissolve in the solvent. Initially, PdCl2 was the Pd precursor being used,
and it was observed that depending on the selection of the diblock copolymer, it could take even
weeks to dissolve it satisfactorily in the solution. In general, PdCl2 suffered from a low level of
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compatibility with the polymers available, severely limiting the control over particle size and
sample quality, since non-dissolved metal agglomerates were observed on the sample surface. To
overcome these limitations, the metal salt was changed to Pd(OAc)2. The Pd(OAc)2 dissolved
much more readily in a wider variety of polymeric solutions, increasing the sample preparation
efficiency and range of available NP sizes. Another notable difference between the two different
metal precursor salts was the drastically increased ease of filtering (filter size 0.45 μm) for the
samples prepared with the Pd acetate. Well-dissolved Pd salts would be in solution yellow in
color with a hint of green if it was PdCl2. Since it is the Pd salt which gives the solution color, its
degree of dissolution and NP encapsulation into the polymeric micelles can be qualitatively
determined by the amount of color change seen in the syringe filters used once the stirring was
finished. Samples that were difficult to filter showed a large color change in the filter, indicating
that significant Pd deposits were left behind in the filter. Nevertheless, some of the larger
micelles were simply difficult to filter, no matter the salt used, except at extremely low saltpolymer ratios.
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Chapter 4 – Electronic and Chemical Characterization
of Nanocatalysts (XPS)
4.1 XPS Analysis
XPS measurements were used to extract information on the chemical composition of our Pd
nanocatalysts, the presence of possible residues remaining from the NP synthesis, as well as to
monitor changes in the oxidation state of the active Pd species after the NO reduction reactions.
The XPS spectra were measured by Dr. Luis Ono, and I have carried out the data analysis.
Fig. 3.4 shows an example of XPS data from the C-1s core level region of one of our samples
after removal of the encapsulating polymer evidencing only traces of carbon. Fig. 4.1 shows XPS
spectra from the Pd-3d core level region of samples S1-S4 acquired after polymer removal
before (a) and after (b) the H2-NO reaction.
The XPS spectra were fitted with two doublets corresponding to the Pd-3d5/2 and Pd-3d3/2 and
the Zr-3p3/2 and Zr-3p1/2 core level features of ZrO2, since there is an overlap of both species
within this binding energy region. The peaks were fit with Gaussian-Lorentzian lineshapes and
initially assumed to be symmetric. Symmetric peaks have been successfully used by Sacher
[114] and Kibis et al. [115] to reveal contamination and chemical states that would otherwise be
masked by the use of asymmetric peak fittings. The best fit to our experimental data was
obtained by using a background that was a combination of the linear and Shirley backgrounds.
This background type is called “offset Shirley” [116]. The ratio of the intensities of the Pd-3d5/2
and 3d3/2 peaks was kept constant to its expected ratio of 3:2 (quantum mechanical occupation of
the electronic levels). The same could not be done for the Zr-3p3/2 and 3p1/2 peaks. ZrO2 appears
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to be an exception to the general use of the electronic occupation rule to determine the ratio of
two electronic peaks from the same orbital. For oxides, such exception can be due to the loss of
intensity from one (or both) of the XPS peaks into additional peaks such as satellite peaks,
shake-up and shake-off peaks [93, 114].

(a) Zr-3p / Pd-3d before

Intensity (arb. units)

(iv)

(iii)

(ii)

(i)
(b) Zr-3p / Pd-3d after

ZrO2-3p
PdO-3d
(iv)
Intensity (arb. units)

PdO2-3d
(iii)

(ii)

(i)
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325

330

335

340

345

350

355

360

365

Binding Energy

Fig. 4.1: XPS spectra from the Pd-3d and Zr-3p core level regions of Pd NPs supported on ZrO 2 (samples S1-S4)
acquired (a) before and (b) after NO + H2 reactions. The average NP sizes (AFM height) are: (i) < 1 nm, (ii) ~1.2
nm, (iii) ~2.2 nm, and (iv) ~5.5 nm.
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The BE of the Pd-3d5/2 peaks from our samples before reaction was found to be between
337.2 and 337.6 eV. As this XPS data were obtained just after an O2 annealing treatment, it is
expected that they correspond to oxidized Pd species. This was later confirmed by XPS data
obtained after the H2 pretreatment of one of the samples showing a Pd-3d5/2 peak with lower BE
(335.9 eV), and data obtained after reaction showing Pd-3d5/2 peaks with a higher BE (~338.3338.4 eV). However, the BE of the intermediate oxidized state (assigned here to PdO) differs
noticeably from the expected BE of 336.2-336.5 eV [117, 118, 119]. Nevertheless, similar BEs
were reported for Pd NPs supported on ZrO2 [120] and free Pd NPs deposited on TEM grids
[95]. In the latter study, XPS data were obtained from 8 nm NPs after reaction with a flow of
CH4/N2/O2 at 500ºC and 700ºC. In these samples, the 700ºC Pd-3d5/2 peaks were observed at
335.9 eV, 337.4 eV, and 338.7 eV. Van Devener et al. [95] could not definitively explain the
reason for their large chemical shifts, but confirmed with TEM that the Pd species giving rise to
the highest BEs corresponded to oxidized Pd. For this reason, the BEs in this study have been
assigned to PdO and PdO2, as they are the only stable oxidized Pd states.
Only small BE differences were observed for different cluster sizes in our samples (see Table
4.1). A positive shift in the BE of small NPs has been observed for Pd clusters below 5 nm
supported on single crystal SiO2 and alumina/NiAl [103, 104]. Pd NPs supported on α-Al2O3
powder showed BEs independent of the NP size (1.5-7.5 nm), and instead found increasing
chemical shifts correlated with a decrease in Pd loading (0.09-0.30 wt %) [121]. Nevertheless,
such findings are unusual since lower metal loadings normally lead to smaller NP sizes, which
will agree to the common notion of increased BEs (even for metallic NPs) with decreasing NP
size. Another recent study has shown that the chemical shifts are non-monotonically dependent
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Sample

Size
(nm)

Pd-3d5/2 species

BE
(ev)

S1

<1

O2-annealed

PdO

337.2

S2

1.2

O2-annealed

PdO

337.6

S3

2.2

O2-annealed

PdO

337.4

S4

5.5

O2-annealed

PdO

337.6

S1

<1

Reacted

PdO*

~337.2

S2

1.2

Reacted

PdO2

338.4

S3

2.2

Reacted

PdO2

338.3

S4

5.5

Reacted

PdO2

338.4

S2b

1.2

H2-pretreated

Pd, PdO

335.9, 337.6

Table 4.1: Binding energies of the Pd-3d5/2 peak of micellar Pd NPs supported on ZrO2.

Ref.

Loading
(wt %)

[95]

[115]

Sample type

Pd-3d5/2 Species

BE
(ev)

NPs, free

Pd

335.9

Pdox-1

337.4

Pdox-2

338.7

Pd

Pd

335.2
336.3336.4
338.0338.2
335.3

PdO

336.2

Pd

335.4

PdO

336.8
335.5
335.9360.1
335.5
335.1335.2
335.5335.6
337.0337.2

Pd foil

PdO

[117]

[118]

2

2.7

NPs, powder support (ZrO2)
NPs, powder support (ZrO2)

[119]

2

NPs, powder support (ZrO2)

Pd

[121]

0.09

NPs, powder support (α-Al2O3)

Pd

[120]

0.20

Pd

0.30

Pd

1

NPs, powder support (ZrO2)

Pd
PdO

Table 4.2: Reference BEs for different Pd species obtained from literature.
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on size [122]. It is believed that the higher BE values found in Ref. [103], [104], and [122] were
due to a size-dependent charging effect, which is not so easily seen on powder-supported
samples [121] due to the compensation of the charge via the use of an electron flood gun, as is
the case here. Additionally, due to the overlap between Pd and Zr peaks in this binding energy
region (where the intensity of the Pd peaks is the highest), and the low content of Pd in these
samples (1 %), in our case it is not possible to completely decouple size from oxidation state
effects in the measured BEs for the Pd XPS features.
Samples S2, S3 and S4 showed a clear upward shift in BE of ~0.8-0.9 eV after the NO
reduction reaction. This shift can be attributed to the oxidation of these catalyst by (i) the
production of N2O, (ii) the conversion of produced N2O to N2, (iii) the formation of NH3, or a
combination of the three (see reactions 1.15, 1.18, and 1.19). In the case of sample S1, the XPS
data suggests that the Pd catalysts remain in the Pd2+ state after reaction. This is possibly due to a
significant difference in Pd/ZrO2 interaction for Pd clusters of that size. However, it is important
to note that the Pd signal for this sample is very low, and an accurate BE value cannot be given.
In addition to the BE shifts, it can be seen that for samples S1 and S2 there is a distinct
decrease in the Pd-3d XPS signal after reaction. The intensity ratio of Pd-3d to Zr-3p peaks
decreased from 5.3 to 1.8 % and 4.8 to 2.4 % for S1 and S2, respectively. When a H2 treatment
was performed on the reacted sample S1, no change in the signal intensity was observed, leading
to the conclusion that the change was physical. It is unlikely that the signal loss is due to the
desorption of Pd atoms, as the NPs have been shown to be stable during the 375ºC O2 annealing
and H2 pretreatments. Even if no material has been lost (evaporation), the XPS signals from 3D
NPs are expected to be smaller than those from 2D NPs in this size range and for the present BE
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due to the limited electron mean free path. Therefore, the signal attenuation could be due to a
change in the NP morphology from 2D to 3D-like NPs under reaction conditions. Furthermore,
the possible deposition of reactant or intermediate species on the surface of these NPs must be
considered, since those would also be expected to decrease the Pd signals. Another aspect that
must be considered in order to explain the observed signal attenuation is NP/support interaction
leading to Pd encapsulation by ZrO2.
Sample

Before reaction After reaction
(Pd / Zr) (%)
(Pd / Zr) (%)

S1

5.3

1.8

S2

4.8

2.4

S3

6.0

8.3

S4

7.9

7.7

Table 4.3: Integrated peak areas of the Pd-3d and Zr-3p peaks shown in Fig. 4.1. The loss of signal observed in
samples S1 and S2 is possibly due to a change in NP morphology (2D-3D) or encapsulation by the ZrO2 support.

Fig. 4.2 shows the O-1s XPS region acquired before and after the NO reduction reaction.
The primary oxygen species expected in these samples is that of O in ZrO2 (530.1, 531.6 eV)
[123], with additional contribution from oxidized Pd species (531.8 eV, which are unlikely to be
detected in our NP samples due to the low Pd loading) [117], adsorbed oxygen (532.6 eV) [101],
water (~533-535 eV) [101], and possible hydroxyl groups (OH). This is also convoluted with the
Pd-3p3/2 peak (532.1-530.4) eV [101, 117]. The main peak in Fig. 4.2 is located at ~530.1 eV for
all samples with a small shoulder toward high binding energy. The main peak is assigned to O in
ZrO2. After reaction, all samples show an increase in the contribution from the high BE shoulder
(532.6 eV), which is especially evident for samples S1 and S2. The peaks were unable to be fit
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with three or fewer species, which indicates that it may be due to a combination of factors, such
as O2 left on the sample after the reaction, or water/OH produced and not yet desorbed.
(a) O-1s before
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Fig. 4.2: XPS spectra from the O-1s core level region of Pd NPs supported on ZrO2 (samples S1-S4) acquired (a)
before and (b) after NO-H2 reactions for (i) S1, (ii) S2, (iii) S3, and (iv) S4.

The effect of the pretreatment conditions on the oxidation state of the Pd catalysts is shown
in Fig. 4.3. Our XPS spectra showed that the dominant Pd species is metallic Pd0 with a BE of
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335.9 eV for Pd-3d5/2 after annealing in H2. This is 0.7 eV above the expected value for bulk Pd0
(335.2 eV) [111].
In order to check for possible sources of poisoning by nitrogen-containing species, the N-1s
peak at ~400 eV was measured by XPS. It can be seen in Fig. 4.4 that the only sample that
showed a visible N-1s peak was sample S3. The amount is very small and similar to the
background noise of that region.
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Fig. 4.3: XPS of the Pd-3d and Zr-3p core level regions of sample S2 (a) after O2 annealing and (b) after H2
pretreatment. The dominant species is metallic Pd0, but a small amount of Pd-O species appears to remain.

In Fig. 4.5, the ZrO2-3d XPS spectra are shown. The ZrO2-3d doublet exhibits a pronounced
asymmetry and it can only be fitted by adding a second doublet. This asymmetry is not
consistent throughout the samples, leading to the conclusion that it is likely to be another
chemical species. Sample S4 displays a negligible asymmetry of the ZrO2 doublet before
reaction, but a pronounced asymmetry after reaction. The asymmetry is visibly enhanced for
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samples S3 and S4 after the reaction, and samples S1 and S2 both contain a significant amount of
asymmetry before and after reactant exposure. In our fits, the first doublet (~182.1, 184.4 eV) is
attributed to the Zr-3d peaks of ZrO2 [117]. The chemical shift of Zr(OH)4 from ZrO2 was
determined to be +2.0 eV by Huang et al. [124]. This suggests that the asymmetry may be
caused by partial hydroxylation of the ZrO2 support by the adsorption of H2O during the reaction
or during air exposure (unreacted samples) when the samples are transferred to the UHV system
for XPS analysis.
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Fig. 4.4: XPS spectra from the N-1s core level region for samples (i) S1, (ii) S2, (iii) S3, and (iv) S4. No nitrogen is
seen after reaction except for S3 (iii), but the amount is nearly undistinguishable from the background level.
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Fig. 4.5: XPS spectra from the Zr-3d core level region of micellar Pd NPs supported on ZrO 2. The ZrO2-3p peaks
(a) before and (b) after reaction for samples (i) S1, (ii) S2, (iii) S3, and (iv) S4 are shown. The asymmetry of the
ZrO2-3p peak envelope for samples S3 and S4 are enhanced by the reaction, while samples S1 and S2 have
significant asymmetry throughout. No significant shift is observed for the main ZrO 2-3d peaks after reaction.
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Chapter 5 – Catalytic Chemistry
5.1 Catalytic Data
In the analysis of catalytic data, the primary information that needs to be extracted is the
conversion of reactants and the selectivity toward each product. In NO reduction by H2, the
conversions of the reactants is determined by comparing the normalized initial partial pressures
(Pi) to the normalized partial pressure for each reaction temperature T (PT) by the following
formula:
,
The partial pressures of each gas were normalized by dividing their respective mass
spectrometer (MS) signals by the helium signal. As seen in Table 2.1, both NO and N2O share
the mass 30 signal. In conversion analysis, it was evident that the listed signal fractions were not
applicable. The signal overlap was measured directly by flowing N2O and He through the MS
and varying the N2O concentration while observing masses 44 (N2O), 30 (N2O, NO), and 28
(N2O, N2). In the concentration range expected for the experiment, the N2O mass 30 and mass 28
signals were, respectively, ~26 % and ~15 % of the mass 44 signal. A comparison of the reaction
activity for our samples is shown in Fig. 5.1.
Reaction data were averaged over subsequent reactions on a single sample, with error bars to
indicate the different results from two subsequent reaction runs at each reaction point. The error
bars are shown in Fig. 5.1, with sample S2 being the only catalyst with an error of over 5 % at a
temperature of 130ºC. This indicates that deactivation is minimal for all other reaction
temperatures. The lowest conversion temperatures are seen for sample S3 with its 50 %
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conversion point (T50) at about 125ºC and maximum conversion (Tmax) at 135ºC. Sample S1 had
considerably higher conversion temperatures with a T50 of 140ºC and a Tmax of 150ºC. Sample
S2 is similar in performance to S3, and sample S4 is intermediate between S3 and S1. This data
leads to the conclusion that for NP sizes below 1.2 nm, catalyst reactivity is negatively affected
by the small cluster size.
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Fig. 5.1: Size-dependent catalytic activity. Data points are averaged from two subsequent reactions on the same
sample, and the error bars show the actual conversion data measured.

The selectivity of our catalysts was of great interest in the study, as an optimal catalyst will
be both active at low temperature and highly selective for N2 over the greenhouse gas N2O. In
this study, selectivity was calculated by the formula:

where ΔNOpath is the amount of NO expected to be consumed for a reaction path and NOconv is
the amount of NO converted. The amount ΔNOpath is calculated by observing the amount of N2 or
N2O formed and using eqs. (1.7) and (1.8) respectively to calculate the theoretical amount of NO
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consumed for each path. This is heavily dependent on the sensitivity factors (SFs) of our mass
spectrometer for NO, N2O and N2, and requires the adjustment of such factors to balance the
amount of NO consumed with the amount of nitrogen-containing species formed. The selectivity
data determined by this method are compared to the stoichiometry of H2 consumed.
As discussed in chapter 3, the SF is dependent on experimental conditions and is determined
directly by comparing the signal measured by the mass spectrometer for a particular gas with the
specific amount of gas flowing. Measurements are based upon the ideal gas law, wherein the
number of moles in a specific flow will be the same for all gases. The deviation from the ideal
gas law is expected to be small due to the fact that the reaction occurs at atmospheric pressure.
Any error caused by this deviation is assimilated into the SF measurements. The pre-reaction
experimental conditions are a 2 % flow of NO and 2 % flow of H2 with He as balance gas and a
total flow of 50 ml/min. The SF values were adjusted during selectivity analysis to account for
changes in the experimental conditions during the reaction,
The data obtained for the SF testing of the pure NO, N2O and N2 gases are shown in Fig. 5.2.
The gases were individually tested with a He balance and a total flow of 47-51 ml/min. Gas flow
concentrations were controlled by the same low-flow MFCs used in the reactions (rated for 10
ml/min max, accurate to 0.1 ml/min). The concentration percentage is calculated via the flow
rate and the SF was calculated with He as reference (SFHe = 0.12). The SF for NO was fairly
stable, and the SF for N2 appeared nearly stable for 3-8 % flows. However, a drastic increase in
the SF of N2O was observed for concentrations below 0.5 %. The initial SF factors used were 8,
6.5, and 9.5 for NO, N2, and N2O respectively. H2 has been used by our group in numerous
experiments, and it is known that its SF can be measured in the pre-reaction flow.
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Fig. 5.2: The concentration dependence of each gas's sensitivity factors. The sensitivity factors are calculated with
respect to the He signal.

It was observed that the calculated selectivities were quite unstable. This was attributed to the
concentration of reactants (NO, H2) with the balance gas (He), as the QMS He signal would
change by up to half an order of magnitude during the reaction (see Fig. 5.3). This is significant
due to the fact that reactant and product signals were only observed to change by an order of
magnitude. Reaction conditions in literature utilize significantly lower concentrations of NO and
H2 [71, 73, 74, 80, 125]. Synchrotron studies by our group have shown stable He signals for total
reactant concentrations of 2 %, half of the 4 % reactant concentration used in this study.
In order to compensate for this, the selectivity data obtained were compared to the H2
consumption. The SF for H2 was calculated prior to each reaction and was consistently ~0.4.
Following eqs. (1.7) and (1.8), the ratio of H2 consumed to NO consumed is 1:1 for N2 and 1:2
for N2O. In eq. (1.9), it is seen that this ratio is 5:2 for NH3 production. The initial value of SFNH3
was determined to be 8.5 by comparing the other SFs to those in the QMS database, and later
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confirmed by comparison of the selectivity trends. Using these ratios, we were able to calculate
the selectivity for each reaction step by balancing the H2:NO consumption ratio. Data obtained
by this method are shown in Fig. 5.4.
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Fig. 5.3: Reaction profile of sample S2. The He signal (black) fluctuates during the experiment by over half an order
of magnitude, and is heavily influenced by changes in reactant concentration.

The selectivity toward N2O is shown to be high before T50 for all samples, and drops down to
15-25 % once Tmax has been reached. In a short interval after Tmax, SN2 rises steadily to its
maximum value. In Fig. 5.5, the selectivity for N2 of samples with different sizes is compared.
According to the data, the least selective catalyst is S3, with an average S N2 of 71 % after Tmax.
Sample S4 was the most selective with a SN2 of 78 %. Peak SN2 values for S1 through S3 were
between 77-81 %, with the peak for S4 being 83 %. The decrease in selectivity is directly linked
to the production of NH3 on each sample. Though NH3 production was very small (under 2.2 %
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for all samples), it heavily influences the selectivity of this reaction due to its high consumption
of H2. SNH3 over sample S3 reached a maximum of about 2.2 %, while sample S4 only had S NH3
of about 1.8 %. These maximum values are obtained at 250ºC, as NH3 production was observed
to steadily rise after Tmax.
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Fig. 5.4: Conversion and selectivity data for samples (a) S1, (b) S2, (c) S3, and (d) S4. Selectivity data is averaged
with error bars showing the actual calculated values. The conversion of NO is represented by XNO.

Previous studies see very low NH3 production over Pd catalysts in NO-H2 reactions [73, 80],
and no NH3 detected when O2 is included in the flow [74, 80, 81]. No NO2 was observed to be
formed in the reaction, which is likely due to the fact that background oxygen levels reacted with
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H2 instead of NO. This is supported by the increase in water production observed during the
reaction with increasing temperature.

100

Mean SN2

Mean SN2 at ConvMax / Max SN2

Max SN2
80

60

40

20

0

<1

1.2

2.2

5.5

Size (nm)

Fig. 5.5: Average and maximum selectivity values for N2 production from the reduction of NO with H2 over Pd NPs
supported on ZrO2. These data were extracted from Fig. 5.2.
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Chapter 6 – Discussion and Conclusion
6.1 Discussion
In the NO-H2 reaction, samples S2 through S4 had reaction temperatures within 5ºC from
each other (125-130ºC), and sample S1 had a 15ºC higher onset reaction temperature as
compared to S2 and S3 (135-150ºC). Table 6.1 lists the different samples employed in this study
together with their activities. The maximum selectivity for all samples for N2 was between 77-83
%, and a clear size-dependency was not observed. Selectivity is nearly 100 % toward N2O at low
temperature (< 125ºC), but subsequently switches to N2. After the temperature of maximum
conversion (Tmax), SN2 steadily rises to its maximum value, decreasing only by about 2 % at the
highest temperatures. This decrease correlates with the production of small amounts of NH3 at
those temperatures.

Sample

AFM height
(nm)

T50 (C)

Tmax (C)

S1

<1

140

150

S2

1.2

125

135

S3

2.2

125

135

S4

5.5

130

140

Table 6.1: List of all samples, their AFM heights and the temperatures at which 50 % (T50) and the maximum
conversion (Tmax) were achieved.

The XPS data (see Table 4.1) shows that all samples are reduced after the H2
pretreatment, but that they re-oxidized during the reaction, with binding energies in the range of
338.3-338.4 eV in agreement with PdO2. A lower oxidation state (PdO) was observed on the
same samples after the annealing pre-treatment in O2 but before the reaction (337.4-337.6 eV).
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The exception to this are the smallest NPs sample, which showed the same BE after O2 annealing
and after the NO reduction reaction. A shoulder was observed in the O-1s peak at 532.6 eV for
all samples, but it was noticeably more pronounced for S1 and S2. The growth of the shoulder
may be due to O2 or water/OH left adsorbed on the sample after reaction.
The fact that the samples are oxidized during the reaction is likely due to the reaction
conditions. The low amount of H2 contributed to leaving large amounts of unreacted oxygen on
the catalysts. In chapter 1, it was mentioned that NO adsorbs molecularly on the active Pd sites,
while H2 dissociates at the same sites. The reaction is heavily dependent on the desorption of
molecular NO from Pd, and dissociation temperature of H2 [73]. The 1:1 ratio of H2:NO
employed in our study is likely to cause unfavorable competition between NO and H2. The 1:1
ratio also means that at 100 % conversion very little H2 is left available for the reduction of the
catalyst, as can be seen reactions (1.7) through (1.9). Literature reports have shown higher H2
contents, namely ratios of at least 3:1, and industrial H2-SCR processes have used ratios as high
as 80:1 [71, 73, 74, 125].
Interestingly, a significant loss in the Pd-3d XPS signal after the reaction (see Fig. 4.1)
was observed for the two samples containing the smallest Pd NPs (S1 and S2). Evaporation is
unlikely, as there was a minimal loss of reactivity after the first reaction on each sample. Both
encapsulation and morphological changes (2D to 3D shape transformation, NP coarsening during
the reaction) are possible, and either could cause the loss in reactivity at 130ºC for sample S2. A
similar loss in reactivity was not observed for the smaller NPs in S1, but encapsulation could
explain the lack of Pd4+ in the post-reaction XPS data.
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The larger NPs have consistent reaction profiles and Pd-3d signals, with the 2.2 nm NPs reaching
Tmax only 5ºC before the 5.5 nm NPs. Though a very small N-1s signal was observed on the 2.2
nm NPs, no notable poisoning effects were observed. In fact, our reactivity data indicate that
deactivation was minimal after the first reaction on each sample. However, it is possible that the
H2 pretreatment conducted before the subsequent reactivity run on each sample leads to sample
reactivation, or that the Na species desorb at a higher temperature for the 2.2 nm NPs. The lower
reactivity of the NPs in S1 could be due the larger number of low-coordinated sites available in
that sample that are known to stabilize poisoning Na species [55]. The Na species desorb at 220270ºC [22, 23].
The 10-15 nm Pd catalysts supported on TiO2 investigated by Roy et al. [73] achieved
Tmax at about 100ºC with a T50 of 90ºC. These values are significantly lower than of those
produced in this project, but the Tmax – T50 is similar compared to the 2.2 nm NPs. Recently,
Siemens showed that, in H2-SCR, the use of sulfated zirconia (SZ) can greatly reduce the onset
temperatures and increase the reduction efficiency of the catalyst, achieving 80 % efficiency at
123ºC with Pd/SZ as compared to 60 % at 188ºC with Pd/ZrO2 [71].
Despite the above discussion, it should also be taken into consideration that the size of
our nanocatalysts has only been measured via AFM on thin film substrates, but not on the real
samples composed of Pd NPs deposited on nanocrystalline ZrO2 powder. Such samples are
annealed in O2 at 375ºC in order to remove the organic ligands, and it still remains to be seen if
such treatment could lead to the coarsening of the Pd NPs that is not observed based on the AFM
measurements on the RT-treated samples supported on thin film substrates. It is therefore
possible that the real samples investigated in this work have similar sizes after the pre-treatment,
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and that the lack of clear differences observed for the activity and selectivity of the different
samples is only due to the fact that they all might have coarsened and stabilized at a similar
average NP size. In order to gain insight into that aspect, transmission electron microscopy
investigations will be carried out on these samples.
The direct application of our work will be to use the reverse-micelle encapsulation
method to deposit size-selected Pd NPs of narrow size distribution on a sulfated zirconia (SZ)
support in order to determine the viability of the method for industrial use. Based upon the data
obtained in this study, the optimal NP sizes to use for the Pd/SZ study would be the 2.2 nm
cluster size for the lowest reaction temperatures, and the 5.5 nm cluster size for a higher
selectivity.

6.2 Conclusion
In this project, size-selected Pd NPs supported on ZrO2 powder were used in the reduction of
NO by H2. The size effect of Pd NPs ranging from < 1 to 5.5 nm was studied by the use of a
temperature controlled packed-bed reactor coupled to a QMS system. It was found that the
difference in catalytic performance between NPs of 2.2 nm and 5.5 nm were very small (~5°C
for the temperature of maximum conversion). Particles of 1-1.2 nm in size experienced a slight
deactivation likely due to NP encapsulation by the support or a morphological change (size
and/or shape change) as determined from XPS data. Particles of sizes < 1 nm also displayed
similar effects, exhibiting significantly lower reactivity during the second reaction run. These
NPs also displayed a different oxidation state than the rest of the samples, since they did not
oxidize (PdO  PdO2) under reaction conditions. The temperature at which the maximum
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conversion was achieved for the < 1 nm particles (S1) was found to be 15°C higher than the best
performing NPs (S3).
All samples achieved complete conversion of NO, with high selectivity (>70 %) toward N2
after the maximum conversion temperature (135-150°C). The average selectivity over the
temperature range after maximum conversion varied from 71 to 78 %, and the peak selectivities
for N2 were between 77 and 83 %. However, selectivity data was shown to have a high error
factor due to a high concentration of reactants (4 %), and more accurate selectivities can be
obtained by keeping the total reactant flow under 2 %.
The next step for future research in this area within our group would be the introduction of
oxygen in the reactant flow as well as the increase in the H2 content (outside the O2/H2
flammability limits) to monitor changes in the selectivity of these H2-SCR catalysts.
Furthermore, sulfated zirconia supports will be used in the future in order to be able to achieve a
more direct comparison with the industrial catalysts that inspired this study [48]. Based upon the
data in this thesis, the optimal NP synthesis method for the proposed study would be that of the
2.2 nm NPs for a lower reaction temperature, or the 5.5 nm in order to obtain the highest
selectivity for N2. However, N2 selectivity is already fairly high for the 2.2 nm NPs, and previous
literature has stated that the presence of O2 reduces the production of N2O [73]. An additional
important future step to complete this research project will be the thorough analysis of the size
distributions of the NPs presents on the powder ZrO2 samples, which will be carried out via
TEM.
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